The first radial excitations of axial-vector mesons are considered in the framework of the extended U (3)×U (3) Nambu-Jona-Lasinio model. We calculate the mass spectrum of a1, f1, and also strange axial-vector mesons. For description of radially excited states we used the form factors of polynomial type of the second order in transverse quark momentum. For the ground-and the excited-state mesons consisting of light quarks we have calculated the widths of a number of strong and radiative decays. We got satisfactory agreement with experimental data for the ground states. A set of predictions for the excited states of mesons is given.
I. INTRODUCTION
The extended Nambu-Jona-Lasonio (NJL) model is well known to describe scalar, pseudoscalar and vector mesons in the ground and first radially excited states [1] [2] [3] [4] [5] . In recent papers, the processes of meson production in the e + e − annihilation at energies below 2 GeV were successfully studied in the framework of this model (see [6] and references therein). In these works, intermediate vector mesons in the ground and first radially excited states were taken into account.
The same mechanism is also used for describing the τ -lepton decays [6] [7] [8] [9] . However, unlike the e + e − processes, there is a number of τ -decays with intermediate axialvector mesons, for instance, τ → 3πν τ [10, 11] , τ → πγν τ [12, 13] , τ → πl + l − ν τ [14] τ → f 1 πν τ [15, 16] .
In all these works only the ground states of axial-vector mesons were taken into account. In order to consider also radially excited states of these mesons, we need to include axial-vector mesons in the extended NJL model. This paper is devoted to solving this problem.
Here we consider the chiral U (3)×U (3) group including mesons consisting of u, d, and s-quarks. Radial excitations are described with the polynomial form factor of the second order in transverse quark momentum.
The article is organized as follows. In the next section, we obtain the physical quark-meson Lagrangian and expressions for physical meson fields and masses. In Section III, we test our Lagrangian by considering various decays involving a 1 and f 1 mesons, and also vector, scalar, and pseudoscalar mesons in the ground and the first radiallyexcited states. In Conclusion, we briefly discuss our results and possibilities for their further application. In Appendix, we give a list of coefficients used in this work. * 
where G V and G A are the four-quark coupling constants for vector and axial-vector mesons, j v i and j a i are vector and axial-vector quark currents defined as
where q = {u, d} are quark fields, τ i=1,2,3 are the Pauli matrices and τ 0 = I. In Eq. (3), we introduced the form factor F (x; x 1 , x 2 ) which has a complicated form in the coordinate frame [1] . However, in our calculations it will be used only in the momentum frame, where it reads
p 2 , k and p are the quark and meson momenta, respectively. In the rest frame of mesons k ⊥ = k. Here c a is a free parameter, and it influences meson masses. One can see that meson interaction does not require c a . The parameter d a is -1.784 GeV −2 for vector and axial-vector mesons consisting of light quarks. It is defined from the condition that the excited states should not contribute to the vacuum expectation values of the quark fields (see [1, 2] ).
After the bosonization of the Lagrangian (1), the quark-meson Lagrangian takes the form (in the momentum space)
, wherev (ṽ) andȃ (ã) are the ground-state (excitedstate) vector and axial-vector meson fields, respectively. Namely, v i=1,2,3 are ρ-mesons, v 0 is ω-meson, a i=1,2,3 are a 1 -mesons, and a 0 denotes f 1 . These fields are not physical yet, because they lead to non-diagonal terms in the free meson Lagrangian. Indeed, after taking into account loop diagrams (see Fig. 1 ) and renormalization of the meson fields the free Lagrangian for the vector and the axial-vector mesons takes the form [2] .
Here we have used the following relations (see [5, 17] ):
One can see that the non-diagonal terms for vector and axial-vector mesons are similar. In [2] the diagonalized Lagrangian with physical vector meson states was obtained. In order to obtain the corresponding Lagrangian for the axial-vector mesons, which reads
ν , we apply the same method. Namely, we transform the meson fieldsȃ andã [2, 3] :
After this, one can get the expressions for the physical meson masses:
and the mixing angles:
In this paper, we use c = 1.26, the four-quark coupling constant G V = 12.5 GeV −2 , and the mixing angles χ 0 = 61.44
• , χ = 79.85
• . The same parameters were used for the vector mesons. Therefore, one can obtain values for the physical masses of a 1 and a
One can see that M a1 in this model differs from its experimental value M a1(1260) = 1230 ± 40 MeV noticeably. However, the first radial excitation of a 1 meson is described in good agreement with experimental data: M a1(1640) = 1647 ± 22 MeV.
Let us note that a similar situation takes place in description of isovector scalar mesons [4] . Indeed, the mass of the ground and excited states obtained theoretically
Finally, the SU (2)×SU (2) NJL Lagrangian describing interaction of the physical vector and axial-vector mesons with quarks takes the form:
where
Let us now consider the U (3)×U (3) NJL model including also s-quarks. In this case, one has to use The GellMann matrices instead of the Pauli matrices, namely,
, where λ i=1,2,3 denote τ 1,2,3 . Using the method considered in Section II, one can obtain the following mass formulae for strange mesons
andss isoscalar:
The corresponding non-physical masses are
where c K * = 1.5, c φ = 1.48,
, the integral I 2 (m s ) is obtained from (9), and
(28) The corresponding slope parameters are d us = −1.756 GeV −2 and d ss = −1.727 GeV −2 . One can also obtain the mixing angles using the formulae (17), (18) .
As a result, we have calculated the masses of strange axial-vector mesons. For K 1 mesons we obtain M K1 = 1245 MeV and M K ′ 
III. STRONG AND RADIATIVE DECAYS INVOLVING AXIAL-VECTOR MESONS
In this section, we use the Lagrangian (20) for describing of strong and radiative meson decays. For this, widths of a number of decays involving the ground-and excited-state axial-vector mesons are calculated. In order to describe the following processes, one needs an additional interaction Lagrangian with electromagnetic and scalar and pseudoscalar meson fields of the following form [5] :
where σ and π are scalar and pseudoscalar meson fields, namely, σ i=1,2,3 denote a 0 , π i denote π-mesons, e is the electron charge, A is the electromagnetic field, Q is the quark charge operator:
where coupling constants At first, let us consider the decay a 1 → πρ, described by the diagram on Fig. 2 , where p and q are the pion and ρ meson momenta, respectively (the diagram 2b includes π − a 1 transition). In the framework of the standard NJL model, the amplitude of this process was obtained in [19] . It has the form
where α ρ = g 2 ρ /4π and F π = 93 MeV is pion week decay constant.
In the extended NJL model, the amplitude (33) becomes more complicated: 
where the coefficients V are defined in Appendix. One can also obtain the amplitude of the decay a ′ 1 → ρπ and some others, by simple replacing of the the corresponding meson masses and coefficients in this amplitude. The decay widths for a set of similar processes are given in Table I .
The next process we considered is a 1 → πγ. Its amplitude can be obtained from the amplitude (33) by defining q 2 = 0 and in the standard NJL model it has the form (see [19] )
The corresponding amplitude in the extended NJL model reads
We have got good agreement with experimental data for this process (see Table I ). Considering f 1 meson, we have primarily studied the decay f 1 → a 0 π, which is rather simple and widely explored experimentally. Its amplitude in the standard and the extended NJL model reads
The decay width we calculated is also in good agreement with the experimental value (see Table I ). Finally, we have considered the decay a ′ 1 → f 1 π, which is useful for the description of the decay τ → f 1 πν τ . Its amplitude has the following form:
The decay width of the process f ′ 1 → a 1 π is calculated in the same way.
IV. CONCLUSION
In this paper, we give the generalization of the extended NJL model by introducing the axial-vector mesons. We have calculated the mass spectrum, described quark-meson interaction, and considered a number of processes including ground-and excited-state axial-vector mesons.
The masses of ground-state light-quark mesons appeared to be lower than the experimental values, as far as ground states of strange mesons and all excited states are described in satisfactory agreement with the experimental data. A similar situation also takes place in description of masses of scalar mesons [4] . One of possible explanations of this discrepancy in the ground states description is contribution of four-quark states in scalar mesons [22] . A similar mechanism is possible for axialvector mesons.
The masses of the isoscalar mesons differ from those of the isovector mesons. It may be explained by the mixing of light-quark and s-quark states (f 1 (1285) and f 1 (1420)) [23] , and the same mechanism for the excited states.
As far as we have used the same parameters as for the vector mesons, interaction of axial-vector mesons with quarks can be successfully described by using the same mixing angles. The calculations presented in the previous section support this statement. The results obtained allow one to describe a set of τ -decays and other processes including axial-vector mesons. Indeed, the calculations for the branching ratio of the process τ → f 1 πν τ presented recently in [24] lead to good agreement with the experimental values.
Let us note that the model of NJL type with non-local four-quark interaction for description of scalar, pseudoscalar, vector and axial-vector mesons was also developed in [25] . Particularly, the authors of this article have obtained M a ′ In order to describe meson decays in the framework of the extended NJL model, we used a set of coefficients V lmn k=2, 3, 4 . One can obtain them from the Lagrangians (20) , (29) and they read 
